The present paper deals with the surplus production models of Verhulst-Schaefer and Gompertz-Fox that are applied to the Maryland's Chesapeake Bay oyster fishery to investigate the sustainability properties of the stock and management of the fishery. The basic objective of this paper is to illustrate the way in which long run sustainability can achieve an optimum exploitation of the fishery. For this purpose, conventional economic model is used along with biological population growth model to develop a bio-economic model. The parameters of the bioeconomic model are estimated using empirical data of catch, effort and price of the Maryland's Chesapeake Bay oyster fishery. Standard reference points are analyzed and tax policies are introduced to achieve the standard reference points. In order to achieve maximum level of profit from the fishery optimal steady state solutions i.e., optimum levels of stock, harvest and effort are determined.
Introduction
The management of renewable resources has long been practised using the MSY (maximum sustainable yield) concept whose primary objective is to avoid over exploitation. The MSY is a simple way to manage resources taking into consideration that overexploitation of resources lead to a loss in productivity. Therefore, our aim is to determine how much we can harvest so that long run sustainability of the population can be achieved. On the biological side, the word 'yield' may often appear ambiguous, especially in cases in which several ecologically independent species are harvested simultaneously. In such cases, maximization is simply impossible. Therefore, some method of forming a weighted sum must be employed. The outcome will then depend on the weighed system which includes suitable environment, growth of the population, number of species, economic value etc. The maximum yield concept must clearly be modified if these complications are to be incorporated. The word 'sustainable' is equally problematic biologically since unpredictable and large variations are observed in case of marine fish populations. Consequently, the term 'sustainable' is feasible when population levels are high but the population is not sustained at lower population levels. The main problem of the MSY is economic irrelevance. It is so since it takes into consideration the benefits of resource exploitation, but completely disregards the cost of resource exploitation. For example, it ignores the fact that if a species is harvested to such an extent that its population decreases to a certain level, then the cost of harvesting can become high because finding the desirable resource becomes more time consuming. This will lead to a situation where the cost of harvesting will be higher than the benefit.
To overcome those inadequacies of MSY, it is observed that many researchers in recent time have tried to replace the concept by OSY (optimum sustainable yield) which is based on the standard cost benefit criterion used to maximize the revenues. Nowadays it is also observed that maximum economic yield (MEY) is globally accepted as fishery management tool. Scientists and researchers agreed that maximum economic yield (MEY) can be considered as a new strategy based on long term approach to solve the problem of over exploitation of fisheries and enhance the revenue of the fishery through implementing the sustainable properties of the fisheries.
The theoretical model
The function of population growth in a particular area is generally considered as the interactions between environmental factors and the fish stock properties. There are certain environmental conditions for which the total stock of the population is stable. Again, it is possible to express the harvesting of the population in terms of surplus production. In this study, we consider the popular surplus production models of Verhulst-Schaefer and Gompertz-Fox which are particularly developed for assessment of the fishery including the evaluation of the fish stock. But it is not possible to study the implications of fishery management strategy without using a bio-economic model. For this purpose it is necessary to develop a suitable bio-economic model for implementing fishery management tools. The total fishery cost and total revenue are essential in an economic analysis of a particular fishery. It is obvious that the objective of the fisheries management is to maximize the resource rent of the fishery. Economic analysis can help managers to answer the questions of why resources are used as they are, why fisheries are economically inefficient, and how fisheries could be better managed (Hannesson 1993; Jennings et al. 2001) .
Logistic growth model
A general biological growth model of a fish stock in the absence of harvesting and other human interference can be expressed as
where r is the intrinsic growth rate, K is the environmental carrying capacity & x is the biomass. Equation (1) implies a parabolic growth curve, where the logistic function is strictly concave from below and exhibits positive growth for all positive values of .
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The logistic growth function is assumed to describe a process of feedback which controls the growth of the population as its level increases. The logistic growth curve is symmetrical round its point of inflexion. This simple model has been used widely both from a theoretical standpoint and as a convenient empirical curve.
Gompertz growth model
The Gompertz growth model proposed by Gompertz, is given by
The basic difference between the logistic and Gompertz curves is that the logistic is symmetrical while the Gompertz is asymmetrical (inflecting at K 0.368 K/e x = = ). For a given stock size at time 0 t = and a given carrying capacity, the Gompertz model may expect a faster growth of the stock size over time than the Logistic model. These population growth models implies that an increase in the stock biomass leads to an increase in the catch at the same rate, keeping the fishing effort unchanged.
Harvest function
The harvesting function ) (t H is derived using the following two assumptions (Clark, 1990) : (a) catch per unit effort is directly proportional to the density of fish, and (b) the density of fish is directly proportional to the abundance ).
(t x Thus we assume the following production function, which is commonly used in fishery management as
where q is the catchability coefficient, E is the fishing effort. Similarly the biomass variable x is the quantity of harvested fish in a fishing year (to be measured in Bushel).
If the population described by the logistic equation (1) is subject to harvesting at a rate ) (t H , then equation (1) becomes
At equilibrium, from equation (4) we get the fish biomass L x as Kar and Chakraborty / International Journal of Engineering, Science and Technology, Vol. 1, No. 1, 2009, pp. 172-189 175 ) .
Thus from equation (3) harvesting at equilibrium can be obtained as
Again equation (2) subject to the harvesting function (3) is reduced to
At equilibrium, from equation (7) we get the fish biomass G x as
Economic model
To attain efficiency in the economic sense, we need to take into account the costs of fishing and revenues that we get from selling the harvested fish. It is necessary to use catch-effort relationship to define revenues and costs as a function of fishing effort.
Assuming a constant price, , p per unit of fish harvested, the total revenue, , TR will be given by; The difference between the total revenue of the fishery and the total fishing costs is known as the sustainable economic rent (profit) provided by the fishery resource at any given level of fishing effort E thus sustainable economic rent can be defined as
Reference points
In this section, we derive the analytical expressions of maximum economic yield (MEY), open-access equilibrium (OAE) and the biological equilibrium (MSY) in terms of biological parameters along with economic variables separately for logistic and Gompertz models. These reference points are analyzed for the future management policies of a fishery and sustainable development of ecosystem.
Maximum sustainable yield (MSY)
The equilibrium level of the fishing effort that produces the maximum sustainable yield, found by differentiating equations (6) and (9) with respect to E and setting the result equal to zero gives us maximum sustainable yield. For logistic model ( 1 3 ) Kar and Chakraborty / International Journal of Engineering, Science and Technology, Vol. 1, No. 1, 2009, pp. 
Maximum economic yield (MEY)
The level of harvesting which maximize the profits to the fishery is determined by maximum economic yield (MEY). Maximum economic yield can be obtained from the fishery when the difference between total revenue earned by the fishery and total cost used to harvest is at a maximum. The equilibrium level of fishing effort that produces the maximum economic, rent can be derived by differentiating equation (10) with respect to fishing effort ).
(E Thus for logistic growth model we get
Again, for the Gompertz growth model we have got the following expressions: Kar and Chakraborty / International Journal of Engineering, Science and Technology, Vol. 1, No. 1, 2009, pp. 172-189 
Optimal sustainable yield (OSY)
The equation that maximize the present value (PV) of the fishery can be expressed as
Here δ is the instantaneous annual discount rate.
Hence the current-value Hamiltonian for this control problem is,
where λ is the adjoint variable. The Hamiltonian must be maximized for
. Assuming that the control constraints are not binding (i.e. the optimal solution does not occur at 0 or max H ) and
is called the switching function (see Clark, 1990) .
Since Hamiltonian L is linear in the control variable, the optimal control will be a combination of extreme controls and the singular control. The optimal control ) (t H that maximizes L must satisfy the following conditions:
The above condition simply states that the resource should be harvested if and only if the net revenue per unit harvest exceeds the shadow price of the resource stock.
When
, the Hamiltonian L becomes independent of the control variable H, i.e., 0
. This is the necessary condition for the singular control ) ( * t H to be optimal over the control set . 0 
Proceeding in the similar manner it is possible to obtain the optimal stock corresponding to Gompertz model by solving the following equation:
It is noted that the optimal stock solution for both the models depends only on the bioeconomic parameters c, p, q,δ , r and K. Kar and Chakraborty / International Journal of Engineering, Science and Technology, Vol. 1, No. 1, 2009, pp. 172-189 178 Consequently, the optimal yield and optimal effort are respectively obtained as
Thus the optimal profit of Maryland's Chesapeake Bay oyster fishery is given by
The present value of profits of Maryland's Chesapeake Bay oyster fishery is reduced to
Tax policies to achieve reference points
Management of fisheries has the potential to yield a socially optimal outcome through proper utilization of different types of tax policies. These include maximization of fishing production or revenues; minimize catch fluctuations, to avoid the risk of collapse of the resource, etc. The manager has two kinds of tools available: first one is technical tool which includes effort or selective regulations; second is economic tool which includes subsidies and taxes. The effectiveness of each of these tools varies in case of achieving the purpose of the fishery managers and has significant implications for the control of the stock. We can take taxes in the form of license fees, and are levied prior to any harvest and effort being expended, or in the form of a per unit effort tax. Again, we are concerned about several problems that are imposed for fishery managers due to input taxes such as they may not have a predicable effect on the level of effort expended in the fishery. If the tax changes the relative cost of inputs, fishers will substitute higher cost for lower cost inputs. This result will have an effect on the efficiency of fishers as now they will be using inputs in nonoptimal proportions, that is, they become inefficient transferring a larger amount of fishery rent to cost.
We can consider the outcome of open access fisheries in a case of market failure which ultimately sends wrong message to the economy. Thus tax policies are considered to be a suitable measure to manage fishery. It can be argued that the market failure is a result of ill defined property rights to the resources. Therefore introduction of suitable tax policies are of great concern to overcome property rights problems. It may be assumed that fishery managers should set taxes on landings, or effort, such that perceived bionomic equilibrium for the fleet will be the optimal stock. Otherwise if the resource stock is driven below the optimal stock then the revenue earned by the fishery will not exceed the cost used for fishing. In order to apply taxes precisely, we have to be conscious about the continuous adjustments required to implement the policies due to repeated fluctuations in resource and economic conditions. Additionally, as the fisheries are not identical in order to achieve the optimum outcome we should have separate tax for each fishery which is practically impossible due to the insufficient information obtained from the fishery. Again, the control through the use of taxes is politically unacceptable. Hence more gradual tax programmes, as a means of control in fisheries, are appropriate, in which the taxes are initially imposed at a low level, and in which there are successive turns of the tax rotation.
Let Kar and Chakraborty / International Journal of Engineering, Science and Technology, Vol. 1, No. 1, 2009, pp. 172-189 Figure 1 . Landing tax to achieve MEY corresponding to the Logistic growth model using the effort data as boat days by gear type of Maryland's Chesapeake Bay oyster fishery Kar and Chakraborty / International Journal of Engineering, Science and Technology, Vol. 1, No. 1, 2009, pp. 172-189 . Effort tax to achieve MEY corresponding to the Gompertz growth model using the effort data as boat days by gear type of Maryland's Chesapeake Bay oyster fishery Figure 6 . Entry tax to achieve MEY corresponding to the Gompertz growth model using the effort data as boat days by gear type of Maryland's Chesapeake Bay oyster fishery
The empirical model
The regression analysis results were obtained using the empirical model described in this section. The parameters of the biological growth models are estimated using the time series catch and effort data of Maryland's Chesapeake Bay. Here in this model we consider time series data of Maryland's Chesapeake Bay from the year 1989 to 2006. Generally we consider catch per unit effort is directly proportional to the stock of biomass i.e., , x S ∝ where S denotes the catch per unit effort and x denotes the stock of the population at time . t Using the equation (1) Prices are considered as the interaction between the demand and supply of the resource. It is possible to examine the relative profit through allocating resources between various outputs and allow an optimal decision regarding to the relative production quantities for the fishery managers. Prices also reflect the relative quantities in which consumers would like to consume resources. It is assumed that demand is linear in price and stationary, the inverse demand or willing to pay (WTP) function of harvest can be expressed as
Results of estimation
In order to estimate the biological parameters of Logistic and Gompertz models we mainly use time series harvest and effort data of Maryland's Chesapeake Bay oyster fishery (Wieland, 2007) from1989 to 2006. For the purpose of estimation we have two different types of effort data namely boat days by gear type and man days by gear type.
We divide this section in two parts. In the first part we consider effort data as boat days by gear type and estimation is done for both the biological growth models. Man days by gear type is considered as effort data for the second part and both the biological models are considered for estimation. The estimation has been done using ordinary least squares method and results are as follows: 
× =
It is possible to estimate inverse demand function by using price and harvest data through ordinary least squares method. Kar and Chakraborty / International Journal of Engineering, Science and Technology, Vol. 1, No. 1, 2009, pp. 172-189 (c composed of labour costs, capital, materials, energy, fuel costs and indirect cost. Again indirect costs incorporate reported maintenance, repair and replacement costs. But these data are not available from the source. Thus the unit cost of fishing is estimated based on the assumption that Maryland's Chesapeake Bay oyster fishery is in open access equilibrium and we consider that the effort in open access equilibrium is assumed to be equal with the effort level in 2006. If we consider fishing effort as boat days by gear type then corresponding to the Logistic and Gompertz model respective unit cost of fishing are $555.187 and $505.719. Again for fishing effort as man days by gear type the unit cost of fishing for Logistic and Gompertz models are respectively $630.02 and $635.855. The price of oyster fishery and unit cost of fishing are assumed to be constant over the years.
Results of bioeconomic model
Static biological equilibrium (MSY), economic optimum (MEY) and economic equilibrium for open-access fisheries (OAE) evaluated for both the models are presented in the following tables, using the estimated biological parameters of Maryland's Chesapeake Bay oyster fishery along with the price and harvesting cost of oyster fish. Total revenue of the Maryland's Chesapeake Bay oyster fishery, total operational cost of oyster fishing and economic rent of the fishery are also presented in the tables. Economic rent (TR-TC) of the fishery.
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Conclusion
In this paper we intend to provide a framework for conservation of the resource and economic viability of the Maryland's Chesapeake Bay oyster fishery. In general the framework consists of several management plans which are broad and comprehensive in scope. Management plans include all relevant aspects of the fishery for biological as well as economical perspective. It is clear from our study that the oyster stock is not sustainable with respect to all reference points and for conservation, restoration, and enhancement of oyster resource it is necessary to enforce sustainability with respect to the reference points. We have used Verhulst-Schaefer and Gompertz-Fox models to describe the development of the fishery. The biological and economical parameters of the bioeconomic models are estimated through two different types of effort data. To maximize the yield and resource rent optimal sustainable strategy is used and all the results are obtained in numerical with proper units. It is evident from the obtained results that the existing fishing effort of the oyster fishery should be reduced to archive MSY otherwise total operational cost of the fishery will exceed total revenue earned by the fishery consequently the fishery will not be able to fulfil commercial purpose. From the estimated results it is possible to obtain a rough idea of fishing effort to achieve MEY, in this regard it should be remembered that at the present scenario maximum economic yield (MEY) is globally accepted fishery management tool. Tax policies are discussed and it is found that subsidies should be given to the harvest effort to achieve MSY. Here it is noted that for landing, effort and entry tax subsidy is necessary to achieve MSY. Therefore, it is not only feasible to assess the biological, social, and economic impacts of existing oyster resource but also provide appropriate measures to maintain long run sustainability through the obtained results.
It is observed from Tables 6&8 and 9&11 that the values of MEY H and fishing effort applied to achieve MEY for Maryland's Chesapeake Bay oyster fishery obtained using dynamic model with zero discounting rate are equal to the values of MEY H and fishing effort applied to achieve MEY obtained by means of the static model for the same fishery. Again it is noted that the values of OAE H and fishing effort applied to achieve OAE for Maryland's Chesapeake Bay oyster fishery obtained using dynamic model with infinite discounting rate are equal to the values of OAE H and fishing effort applied to achieve OAE obtained by means of the static model for the same fishery. It is also observed from table 9&11 that when rate of discounting is gradually increased up to 1 . 0 = δ , corresponding harvest of the resource increases and the consequent fishing effort is simultaneously increased. As a result the stock of the resource is gradually decreases as the rate of discounting increases. It depicts from table 9&11 that the fishing effort tends to its maximum level when rate of discounting is considered to be infinite where as for zero discounting rate, the fishing effort is at its maximum value as expected. It is interesting to see that the revenue earned from the fishery is gradually decreased as the rate of discounting increased and at the infinite discounting rate i.e., at the open access equilibrium, revenue earned from the fishery is tend to zero where as at the zero discounting rate the revenue earned from the fishery takes its maximum level. Again, it should be mentioned that it is not possible to impose tax regulations in open access equilibrium situation of the fishery since individual fishers attempt to maximize their income using maximum level of fishing effort. In this situation, it is necessary to enforce strong regulatory agency to reduce wasteful harvesting practices.
We concentrate mainly on the harvesting problem in a deterministic framework. The evolution of natural stocks, however, is seldom deterministic; it is subject to stochastic perturbations due to environmental and other factors. Thus a future research problem would be considered in stochastic environment. Another area to explore is to determine optimal harvesting strategies using game theory.
